Abstract-Autonomous cars will in a near future drive around in cities and on highways. Antennas will then be needed to secure the wireless connection to these cars. To be able to test the antennas we have defined two edge environments: the Random Line-of-Sight (LOS) and the Rich Isotropic Multipath (RIMP). This paper shows a throughput performance comparison between measurements and simulations of a car-roof (shark-fin) antenna mounted on a ground plane in both of these environments. The comparison is done for both one and two bitstreams in a 2×2 MIMO system. The analysis is based on probability of detection (PoD) curves representing the throughput performance with digital threshold receivers.
I. INTRODUCTION
The Rich Isotropic Multipath (RIMP) environment has for many years been a known reference environment for characterizing the Over-the-Air (OTA) performance of mobile phones and small antennas [1] , [2] . The RIMP environment corresponds to an environment with many scatterers, i.e., rich multipath. However, not all mobile antennas are used in such environments. Moreover, in the future, in order to meet communication requirements, many more antennas than today will be used. This is particularly relevant for future autonomous cars. In addition to the RIMP environment, cars will often drive in Line-of-Sight (LOS) environments, such as on highways. In traditional LOS the angle of arrival (AoA) is fixed. However, cars can be oriented in any direction in the horizontal plane, which will give rise to a 2D randomness of the AoA. Therefore we call this environment Random-LOS. In [3] a hypothesis was formulated, stating that if an antenna works well in both Random-LOS and RIMP, it will also work well in a real-life environment.
The main concepts for active measurements on a car in both RIMP or Random-LOS environments were presented in [4] . The first initial Random-LOS measurements performed on a car were presented in [5] . Simulations showing how measurement accuracy can be improved by means of a linear array are provided in [6] .
The Random-LOS measurement technique resembles at this stage to some degree the two-stage OTA test method [7] . Presently, we measure the radiation pattern to get theoretical comparisons for our active measurements, but in the future this will not be needed. Then, we will be able to perform active measurements directly without the need of cable connections to the modem. There exist also other techniques to perform car-to-infrastructure OTA tests. Ilmenau University of Technology has a test facility where they are looking at emulating realistic radio scenarios for cars [8] . The authors of [9] investigate the measurement uncertainty of a multi-probe setup for characterizing a MIMO antenna on a car.
Following the real-life hypothesis [3] , we present here the OTA characterization of a shark-fin antenna in both the RIMP and the Random-LOS environments. The antenna is mounted on a ground plane to emulate the near environment of the antenna when mounted on a car.
II. METHOD
Measurements were performed both in an RC (Reverberation Chamber) and an AC (Anechoic Chamber), emulating the RIMP and the Random-LOS environments, respectively. The antenna under test (AUT) was a radome covered shark-fin antenna (provided by Volvo) placed on a square ground plane as shown in Fig. 2 . The shark-fin antenna is an array antenna comprising two different antenna elements, a larger one and a smaller one that we denote port 1 and 2, respectively; see Fig. 2 . The shark-fin antenna needs to be fed with 12 V to activate a switch for the smaller element. The power aggregate was placed outside both chambers during the measurements.
To be able to perform active OTA measurements, the sharkfin antenna was connected through cables to a Huawei LTE USB modem dongle (E398). The dongle was placed inside a shielded box (Aeroflex RF Shield, Model 4931) to make sure that the internal antennas of the modem were not used. To control and provide the dongle with electricity it was connected to a laptop that was placed outside the shielded box.
Throughput measurements were done by using a CMW500 communication tester from Rohde & Schwarz, which was controlled by software provided by Bluetest. The measurements were performed at LTE band 7 and channel 3100, with the downlink frequency 2.655 GHz. The system bandwidth was set to B s = 5 MHz, and a downlink and uplink modulation of 16-QAM and QPSK were used respectively. The number of subframes per stream was set to 400 and 25 resource blocks were used. The maximum theoretical and measured throughput was 5.738 Mbps (one bitstream) for both single-input singleoutput (SISO) and single-input multiple-output (SIMO). For the multiple-input multiple-output (MIMO) measurements, with two bitstreams, the maximum throughput was the double of the SISO and SIMO measurements, i.e., 11.476 Mbps. The MIMO measurements were done using transmission mode 3 (TM 3). All the measurements were done with the following modulation and coding scheme (MCS) indices; subframe 0 used MCS 13, subframe 1-4 and 6-9 used MCS 14 and subframe 5 was not used.
A. RIMP measurements
The Bluetest RTS90 RC (dimensions 3.3 m × 2.55 m × 4.2 m) was used for the RIMP measurements. The shark-fin antenna with ground plane was placed on a holder on the turntable, see Fig. 1 . The shielded box with the dongle inside was also placed on the turntable together with the laptop.
Reference measurements accounting for chamber losses were performed with the disc-cone antenna shown in Fig. 1 and a vector network analyzer (Rohde & Schwarz ZNB 8, 9 kHz − 8.5 GHz). The disc-cone antenna efficiency was known. A frequency stirring of 5 MHz was used for the reference measurement, which is equal to the system bandwidth. The losses of the cables between the shark-fin antenna and the dongle were manually compensated for after the measurements 2  1  2  1  2  1  2  1  2  1  2  1  2  1 2 1 Fig. 2 . The measurement setup in the AC at Chalmers for the Random-LOS measurements. The shark-fin antenna with ground plane is placed on the turntable; and the shielded box together with the laptop is placed on the floor close to the door. The numbers on the shark-fin denotes the two antenna elements. The larger one is denoted 1 and the smaller one 2. The quadridge horn antenna used as the chamber antenna is shown at the bottom right corner of the figure. had been done.
The chamber was loaded with eight evenly distributed absorbers (dimensions 60 cm × 60 cm × 6 cm) to get a delay spread of 94 ns. This corresponds to a coherence bandwidth of B c = 6 MHz [10] . The throughput was measured during continuous mode stirring in the reverberation chamber and with power steps of 1 dBm. Every throughput value in the throughput curve is computed by averaging over 120 throughput samples.
The theoretical RIMP data was created according to [11] by using PoD(P av /P th ) = 1 − CDF(P th /P av ) ,
where PoD is the probability of detection, P av is the averaged received power, P th is the threshold level and CDF is the cumulative distribution function. The threshold level was obtained by performing a conducted measurement, where the modem in the shielded box was directly connected to the communication tester by cables. The system bandwidth and coherence bandwidth of the chamber are almost the same. This will not give rise to any frequency diversity channels according to the model in [11] , since N fd = NINT(B s /B c ), where NINT is the nearest integer function. Maximal ratio combining (MRC) of two uncorrelated antenna elements was used to get the SIMO curve. The theoretical MIMO curve for detecting two bitstreams was obtained assuming Zero Forcing (ZF) according to [12] . The detection of two bitstreams corresponds to the detection of the weakest stream [13] , which is used in the ZF algorithm. The total radiation efficiencies of the antenna elements were measured in the RC and used for correcting the theoretical RIMP curves. 
B. Random-LOS measurements
The Random-LOS environment was realized in an anechoic chamber (dimensions 2.0 m × 3.5 m × 5.5 m) at Chalmers University of Technology. The shark-fin antenna with ground plane was placed on top of the turntable, see Fig. 2 . A quadridge horn antenna (ETS Lindgren Open Boundary Quadridge Horn, Model 3164-05) was used as a chamber antenna emulating a base station antenna. The two antennas were placed at the same height, with a distance of 3.8 m between them.
A reference measurement was first performed with the bowtie antenna on the turntable. Both the bowtie antenna and the chamber antenna were placed at the same height, with a distance of 3.7 m between them. The transmission, S 21 , was measured with a vector network analyzer (Agilent E8363B PNA), and used as reference. The measurement setups for the reference (bowtie antenna) and the shark-fin measurement were the same except for the antennas and their positions on the turntable.
The throughput was measured at discrete angles every 10
• in the horizontal plane over a whole 360
• turn of the turntable. At each angle the power was swept, in steps of 0.5 dBm, over a range of values covering throughput levels from 0 % to 100 %.
The theoretical throughput curves corresponding to the Random-LOS case were obtained by measuring the radiation patterns of the 2-port shark-fin in the horizontal plane. The radiation pattern measurements were performed in the same AC, with the same measurement setup (except for the shielded box, dongle and the laptop), as in the active measurements. The measurements were performed with the same vector network analyzer as for the bowtie reference. The radiation patterns were used to compute the CDFs of the received power and the corresponding PoDs according to (1) . The SIMO curve was obtained by applying the MRC algorithm to the radiation patterns of the two antenna elements of the shark-fin antenna. Given that both antenna elements are vertically polarized, no theoretical 2-bitstream MIMO throughput can be computed in the Random-LOS case [14] .
III. RESULTS
The relative throughput curves, or equivalently the PoD curves, from the RIMP measurements are shown in Fig. 3a . Each throughput curve is an average over all the stirrer positions in the RC. Indeed, at every static position of the stirrers a steep throughput curve is measured at the threshold level [15] . It is also worth noting that with MIMO we transmit two bitstreams and therefore the maximum absolute throughput is higher for MIMO. However, since we present PoD curves the maximum value of both SISO, SIMO and MIMO is the same. The RIMP throughput curves have been normalized to the conducted measurement threshold of the modem dongle (−93.3 dBm), which corresponds to the 0 dBref (dB relative a reference) power level in Fig. 3a .
The theoretical RIMP curves (obtained according to [11] and [12] ) are shown as dotted lines. In order to obtain the theoretical curves, the total radiation efficiencies for the sharkfin antenna ports have been taken into account. The total radiation efficiencies are −1.7 dB and −3.1 dB for antenna ports 1 and 2, respectively. We can see that all the measured RIMP curves are steeper than the theoretical ones. This means that we have a diversity gain in the measured case that we have not taken into account for in our theoretical model. The difference is in particularly large for the MIMO curve. This difference seams to be due to a diversity gain that we can not explain yet, but we are working on some different explanations, such like cyclic delay diversity.
In the Random-LOS environment the throughput curve for every measured angle will take the form of a threshold curve [15] . The threshold level corresponding to each rotation angle is obtained as the power corresponding to the 50 % level of detection threshold [5] . The CDF is then formed from the estimated threshold levels. This CDF corresponds to the PoD of the level of detection thresholds. The PoD curves are normalized to a reference threshold corresponding to the threshold of the reference bowtie antenna used for the reference measurements. This means that we plot the curves relative to the performance of a known antenna with a realized gain of 3 dB. This value is low because of the 180
• hybrids used to feed the bowtie differentially, as explained in [5] . The final PoD curves are presented in Fig. 3b .
The PoD curves in Fig. 3b are steeper than the PoD curves presented in [5] , where a whole car is used. This difference is caused by the influence of the shape of the car on the radiation pattern of the shark-fin antenna. The shape of the car causes larger azimuthal variations, and therefore a less steep PoD curve.
The theoretical Random-LOS curves, obtained from the radiation pattern, are shown as dotted lines in Fig. 3b . A comparison between the median value of the radiation pattern of shark-fin port 1 and the bowtie reference showed that the shark-fin performs 7.7 dB worse. All the theoretical PoDs from the radiation pattern were therefor shifted to correspond to this difference. The 7.7 dB value corresponds to the difference in realized gain between the directive bowtie antenna and the median value of the omnidirectional shark-fin antenna. The theoretical Random-LOS curves are almost overlapping with the measured PoD curves. The theoretical 2-bitstream MIMO curve does not exist, since in theory we cannot get MIMO performance in Random-LOS without dual polarization on the receiver. Also, it is clearly seen in the Random-LOS measurement curves that there is needed at least 13 dB more power, at the 90 % PoD level, to be able to get two bitstreams in a Random-LOS environment compared to the worst one bitstream case. These 13 dB are basically a measure of how non-orthogonal the two antenna ports are. If they were orthogonal the ratio would be 0 dB. To be able to achieve two bitstreams in Random-LOS we would need to have an antenna with two orthogonally polarized ports on the receiving side. This is hard to get with an antenna on the roof of a car, since the roof will act as a large ground plane and prevent a realization of horizontal polarization.
The diversity gain at the 90 % PoD level is larger in RIMP than in Random-LOS. In Random-LOS we get an array gain/power gain of 3 dB because we receive the same signal at the two antenna ports (correlated signals). However, in RIMP we get a diversity gain of 5.5 dB, which is due to both the power gain of having two antennas and the uncorrelated signals that we receive on the two ports.
IV. CONCLUSION
The RIMP and the Random-LOS environments are two very different environments. For a car antenna to perform well in real life we want it to perform well in both these environments. This paper shows that it is very hard to get 2-bitstream MIMO performance in a Random-LOS environment when the antenna is mounted on a ground plane. Polarization diversity on the receiving antenna is needed in order to get two bitstreams. However, it is hard to get horizontal polarization of an antenna on a car-roof, since the roof of the car acts as a large ground plane. In the RIMP environment, on the other hand, we can easily get 2-bitstream MIMO performance with the two antenna ports. The measured results for one bitstream show good agreement with simulations, whereas we need to work a bit more on the model for the two bitstream case.
